Abstract The approach of this paper is to predict the sand mass distribution in an urban stormwater holding pond at the Stormwater Management And Road Tunnel (SMART) Control Centre, Malaysia, using simulated depth average floodwater velocity diverted into the holding during storm events. Discriminant analysis (DA) was applied to derive the classification function to spatially distinguish areas of relatively high and low sand mass compositions based on the simulated water velocity variations at corresponding locations of gravimetrically measured sand mass composition of surface sediment samples. Three inflow parameter values, 16, 40 and 80 m 3 s −1 , representing diverted floodwater discharge for three storm event conditions were fixed as input parameters of the hydrodynamic model. The sand (grain size > 0.063 mm) mass composition of the surface sediment measured at 29 sampling locations ranges from 3.7 to 45.5 %. The sampling locations of the surface sediment were spatially clustered into two groups based on the sand mass composition. The sand mass composition of group 1 is relatively lower (3.69 to 12.20 %) compared to group 2 (16.90 to 45.55 %). Two Fisher's linear discriminant functions, F 1 and F 2 , were generated to predict areas; both consist of relatively higher and lower sand mass compositions based on the relationship between the simulated flow velocity and the measured surface sand composition at corresponding sampling locations. The model correctly predicts 88.9 and 100.0 % of sampling locations consisting of relatively high and low sand mass percentages, respectively, with the cross-validated classification showing that, overall, 82.8 % are correctly classified. The model predicts that 31.4 % of the model domain areas consist of high-sand mass composition areas and the remaining 68.6 % comprise low-sand mass composition areas.
Introduction
The locations of polluted sediment deposits in a stormwater holding pond can be initially identified based on the grain size distribution of the bed material. River water diverted in a stormwater holding pond during storm events carries a large volume of suspended sediment composed of different grain sizes, mainly caused by riverbank erosion and upstream anthropogenic events, for instance corrosion of building materials, erosion of road materials and other activities.
Polluted urban stormwater contains a number of hazardous constituents, such as heavy metals and polycyclic aromatic hydrocarbons (PAHs) (Pettersson 2002; Weinstein et al. 2010; Wium-Andersen et al. 2011) . Studies have shown that particulate-bound pollutants are predominantly attached to smaller-sized particles (Greb and Bannerman 1997; Pettersson 2002; Sansalone and Buchberger 1997) . Thus, bed materials comprising a high composition of cohesive or finergrained sediment generally constitutes a relatively higher contaminant level than a coarser-grain-sized bed sediment. Previous studies show that sediment deposits have a negative impact on the hydrology and ecology of rivers (Boulton et al. 1998; Packman and Salehin 2003) and store sediment-bound contaminants, such as heavy metals, pesticides, nutrients and pathogenic bacteria (Bowes et al. 2005; Droppo et al. 2009; Luoma and Rainbow 2008) . The distribution of sedimentary organic matter and total organic carbon can be explained as a function of a nonlinear increase in the amount of cohesive sediment fraction (Magni et al. 2008) . Therefore, a preliminary study is essential to spatially identify the deposition pattern of suspended material in stormwater holding ponds in order to determine the deposited sediment contamination level prior to conducting any dredging activities for maintenance purposes.
Previous studies showed that the flow patterns in shallow reservoir has significant influence on sediment deposition Dufresne et al. 2010; Dufresne et al. 2011; Dufresne et al. 2012; Khan et al. 2013 ). Ho and Kim (2012) applied multiphase models to predict particle retention in a stormwater retention chamber. The velocity field and sedimentation pattern in shallow reservoirs are influenced by the geometrical configurations (Camnasio et al. 2011; Camnasio et al. 2013; Persson 2000) . He et al. (2014) applied the bottom grid structure (BGS) device for enhancing particle settling in the forebay of an urban stormwater detention pond. Sand particles or coarser-grain-sized particles of higher density generally settle down at higher rates compared to finer-grain-sized material, mostly adjacent to the holding pond inlet and outlet locations that experience a relatively higher flow velocity magnitude compared to other locations. Van Rijn (2007) describes the sediment in lower river reaches as being generally deposited in distinct deposition patterns of sand, silt and clay as a result of selective transport processes.
Due to the complex flow pattern, the depositional location of the suspended sediment varies depending on the magnitude of the diverted water velocity and grain size of the suspended particles. Complex flow patterns may result in an uneven distribution of sediment concentration and, therefore, an uneven distribution of sediment deposits (Montgomery et al. 1983 ). These variations make it difficult to determine accurate sampling locations of sediment deposits that can be used to represent the contaminated areas.
The spatial variation of diverted floodwater velocity simulation using a two-dimensional hydraulic model is an attractive approach to improve the prediction of the total sand mass (coarse-grain-sized particle) distribution in a stormwater holding pond. The deposited sediment mixture generally comprises a large amount of finergrain-sized (silt or clay) particles, which constitutes a relatively low volume of total sand mass that can be related to the lower water velocity and bed shear stress area. Conversely, the sediment mixture consists of a lower quantity of fine-grain-sized particles and has a relatively higher amount of total sand mass, which is associated with the areas experiencing higher water velocity and bed shear stress.
The statistical multivariate approach can be used to determine the distribution of total sand mass composition in a holding pond based on the variation in the simulated floodwater velocity. By using this relationship, the simulated velocity of diverted floodwater can be associated with the sand mass composition of surface sediment measured gravimetrically at the corresponding sampling locations.
Subsequently, highly contaminated areas can be related to areas composed of a relatively lower amount of coarse-grain-sized bed material, whereas the low contaminated areas are related to areas composed of a higher amount of coarse-grain-sized bed material. Thus, the dredged bed material from areas that consist of a relatively higher sand mass composition can be treated differently than areas composed of lower sand mass composition.
Hierarchical agglomerative cluster analysis (HACA) is a common method to classify (Massart and Kaufman 1983) variables or cases (observation/samples) into clusters with a high homogeneity level within the class and a high heterogeneity level between classes with respect to a predetermined selection criterion. The most similar objects are grouped first, and then these initial groups are merged according to their similarities (Johnson and Wichern 2002) .
Discriminant analysis (DA) is a method that can be used in a multigroup setting to determine how a set of dependent variables or explanatory variables are related to group membership and, in particular, how they may be combined to enhance one's understanding of group differences (Raykov and Marcoulides 2008) . Discrimination is achieved by calculating the variate's weights for each independent variable to maximize the differences between the groups. Hair et al. (2010) defined that the variate for a DA is also known as the discriminant function. The number of cases in the smallest group must be larger than the number of independent variables and, preferably, contains 20 or more cases. In this study, the number of cases in the smallest group is 9, which is larger than the number of independent variables (3); however, it is smaller than the preferred minimum of 20 cases.
The aim of this study is to develop a discriminant function for the prediction of sand mass distribution in an urban stormwater holding pond using simulated depth average water velocity data of diverted floodwater during storm events. Deposited sediment consisting of a relatively higher sand mass composition can be treated differently than a lower-sand mass composition region. Therefore, by doing the segregation process, the treatment cost of the dredge material can be substantially reduced. The lower-sand mass composition region is associated with areas comprising a relatively higher percentage of fine-grain-sized material. Therefore, the area classification results can be used implicitly to identify the most likely polluted sediment areas and identify accurately locations of polluted sediment deposit based on the particle grain size distribution for environmental impact assessment study in the most cost-effective way prior to conducting any dredging activities for future maintenance.
Methodology

Study area
The study area was located in the Berembang holding pond (3°9.8′ N, 101°44.6′ E), the Department of Irrigation and Drainage (DID) of Malaysia and Stormwater Management And Road Tunnel (SMART) Control Centre, Selangor, Malaysia, as shown in Fig. 2 . Fast development and urbanization in the sub-catchment areas of the Klang and Ampang rivers have a significant impact on the morphology of the Klang and Ampang rivers (Fig. 1) . The rivers flow directly through the city centre of Kuala Lumpur with insufficient volume to hold runoff during heavy rainfall. For that reason, a tunnel was built to allow floodwater to bypass the river confluence. The Berembang holding pond is one of the main components of the SMART project, which was designed to store floodwater diverted from the confluence of Klang and Ampang rivers during major storm events when the total discharge in the river confluence exceeds 70 m 3 s −1 (Fig. 2) . The floodwater will be diverted in the holding pond through eight inflow gates located at the Klang River offtake. The opening of the inflow gates is controlled by an automated system in order to maintain a discharge value of less than 70 m 3 s −1 in the river confluence. Therefore, the discharge value of the diverted floodwater during major storm event varies depending on the opening size of the inflow gates. The diverted floodwater is temporarily held until it reaches a certain permitted level before it is released through a bypass tunnel (tunnel intake) at the Desa Park detention pond located downstream of the city centre. The storage capacity of both the holding and detention ponds is approximately 0.6 and 1.4 million cm 3 , respectively. The diverted river water carries a substantial amount of suspended solids, mainly due to soil erosion and land use activities in the upstream area, which are gradually deposited and reduce the storage capacity of the holding pond. Baffle wall structures were constructed to increase the sedimentation process. The left and right baffle wall structures divert the incoming floodwater to both the left and right bank of the pond, respectively. A proportion of the floodwater volume flows between the wall structures to the centre area of the pond. The variation in floodwater magnitude and direction generates a complex flow pattern and contributes to the spatial variation of deposited sand or coarsegrain-sized particles.
The depositional process and distribution of sediments in stormwater holding ponds are largely influenced by the flow pattern of diverted floodwater. The floodwater comprises various grain-sized sediments and organic matter, which gradually accumulates on the bed surface at different locations and settling rates.
Sampling sites and sampling
The sediment samples were taken 5 cm from the bed surface using a 40-mm-diameter transparent Perspex Le Roux and Rojas (2007) , the two-dimensional techniques for grain size trends applied in sedimentary environments produce more representative results than the one-dimensional methods. A rubber plug positioned on the upper cylindrical pipe opening provides a suction vacuum to retain the sediment in the core sampler during the process of pulling the sampler upwards above the sediment bed. The sampling locations were labelled L i P j , in which i = 1, 2, 3, 4, 5 and 6 corresponds to the number of horizontal transect lines from north to south and j represents the number of selected sampling points of surface sediment from an east-to-west direction.
Sediment size characterization
The sand mass composition of the surface sediment samples, which were based on five grain size classes (>0.063, 0.063-0.125, 0.125-0.25, 0.25-0.5 and 0.5-1 mm), was determined gravimetrically via wet sieving. HACA was then applied to spatially cluster the sediment sampling location areas into two groups consisting of high and low sand mass compositions of the surface sediment samples.
Finite element mesh
The finite element mesh of the holding pond was generated using the RMAGEN v7.3d program (King 2005a) . It consists of 3232 elements, both quadrilateral and triangular, and contains a total of 8649 computational nodes positioned at the corner and mid-side section of each element (Fig. 3) . The bottom elevation of the model corresponds to the initial bed elevation of the actual pond design. The simulated floodwater velocity was recorded at 29 nodal points corresponding to the sediment sampling locations.
RMA-2 flow model
The RMA-2 v7.4e (King 2005b ) flow model was used to calculate the hydraulics. The model solves the depthintegrated Reynolds Average Navier-Stokes equations for two-dimensional free surface flow on a horizontal plane using the finite element method and analyses both Fig. 2 Schematic diagram of the Berembang holding pond and surface sediment sampling locations steady and unsteady state conditions. The floodwater from the river confluence enters the holding pond system through eight inflow gates of the Klang River offtake. The diverted floodwater is gradually discharged through eight openings of the tunnel intake structure when it exceeds the permitted elevation and, subsequently, is released through the bypass tunnel at the Desa Park detention pond.
For the hydraulic model in this study, the diverted floodwater that flows from the input to the output boundary during storm events was assumed to be continuous. The diverted floodwater discharge was specified at eight inflow boundary lines located at the inflow gates of the Klang River offtake. The upstream boundary lines of the hydraulic model were set to three inflow parameter values, 16, 40 and 80 m 3 s −1 , representing the inflow variations of the diverted floodwater during major storm events. The inflow parameter value denotes the total volume of the diverted floodwater through each inflow gate. The computation of the hydrodynamic model was simplified by assuming that the flow condition at each inflow gate is uniform and
Model domain area
Klang river offtake Klang river Ampang river Fig. 3 Model domain area of the Berembang holding pond steady. The inflow parameter value of 16 m 3 s −1 is associated with major storm event, which occurs mostly during the dry period, whereas the inflow parameter value of 80 m 3 s −1 is generally related with storm events generated during the wet period. The hydrodynamic steady-state model results for each inflow parameter value were recorded for a 6-h period every 5 min. The flow direction of the diverted floodwater is perpendicular to each boundary line. The bed roughness and turbulent exchange coefficients were assigned to groups of elements. Three types of element were assigned, each with three different roughness and turbulent exchange coefficients ( Table 1 ). The bed surface area of the vegetated upper bank, inundated, and inflow and outflow boundary wall structures are represented by element types 1, 2 and 3, respectively. The magnitude of the turbulence exchange coefficient entry for each element type is treated as a scale factor applied to a notional element length in both x-and y-directions.
The downstream boundary condition was specified as the water surface elevation at the outflow boundary lines of the tunnel intake structure. The water surface elevation of eight outflow boundary lines was set to 33.5 m for each inflow parameter value. The bottom elevation of the wetted area in the study domain was assigned, corresponding to the initial bed elevation design of the holding pond. The results of the twodimensional flow equations for each inflow parameter value provide the x and y components of the velocity, and the depth, at each computational node.
Statistical analysis
A Pearson correlation matrix was developed to determine the relationship between the measured sand mass composition and simulated flow velocity at corresponding sampling locations. DA was conducted to assess whether the simulated water velocity variation results generated by the three inflow parameter values could spatially distinguish the two sampling location group areas of relatively low and high sand mass compositions. The spatial distributions of sand deposition in the holding pond were predicted using classification function also known as Fisher's linear discriminant function. The observation values for the independent variables or predictors were inserted in the classification functions, and a classification score for each group is calculated for each observation. The observation is then classified into the group with the highest classification score (Field 2009 ). The classification score for the discriminant function can be calculated for each observation by the following formula: F jk = a + f 1 X 1k + f 2 X 2k + … + f n X nk . The classification score for group F jk is determined by multiplying the raw score on each predictor and X ik by its associated classification function coefficient, f j , summing over all predictors and adding a constant, a. In this study, the predictor X ik values represent the simulated water velocity results of diverted floodwater generated at 742 nodal points within the model domain area (Fig. 3) , by the corresponding inflow parameter value j (16, 40 and 80 m 3 s −1 ). Statistical analyses were performed using the SPSS package, PASW Statistics v. 18.0.
Results and discussion
The total sand mass composition of surface sediment measured at 29 sampling locations varied spatially from 3.7 to 45.5 %. The surface sediment located along the western bank area comprises a relatively higher sand mass composition compared to the eastern bank region (Fig. 4) . The highest sand mass composition of 45.5 % was recorded at the north-western bank, at L 1 P 12 , between the left and right baffle wall structures, and decreased gradually to 18.94 % at the south-western part, at L 6 P 11 , close to the tunnel intake structure area. The sand mass composition at the north-eastern area, at the L 1 P 3 sampling point, was 26.89 %, and decreased rapidly to 8.76 % at L 6 P 1 , which is located at the southeastern region. The lowest sand mass composition of 3.69 % was recorded at L 1 P 5 , which is located in front of the right baffle wall structure. The sand mass composition of the surface sediment samples based on grain size classes (0.063 to 0.125, 0.125 to 0.25, 0.25 to 0.5, 0.5 to 1 and greater than 1 mm) ranges from 2.89 to 18.76, The areas located near the baffle wall openings along the western and north-eastern bank area experienced a relatively higher flow velocity compared to the centre and south-eastern regions of the sampling domain. The flow variation indicates that geometrical configurations have a large impact on pond hydraulic performance as describe by (Persson 2000) . Tsavdaris et al. (2015) suggested that an elliptical-shaped pond system is the most appropriate design with respect to flood risk management and gravity sedimentation potential. A substantial amount of high-density sand particles in the floodwater was able to be transported further and settle down Fig. 4 Contour plots of measured total sand mass distribution in areas experiencing relatively higher velocity values as shown at the north-western region and areas between the left and right baffle wall structures. The larger particles are preferentially removed from mixtures, and the mixed particle suspensions are continuously refined over time (Ren and Packman 2007) . On the other hand, lowerdensity or finer-grain-sized suspended particles will be transported further downstream as indicated by a gradual decrease of sand mass composition towards the eastern and southern regions of the holding pond. Tarela and Menéndez (1999) indicates that the deposition of sand particles at the head of the sedimentation model reservoir is caused by the rapid expansion and the corresponding reduction of the flow velocity, causing finer particles to be deposited downstream when the critical depositional value of shear velocity is achieved. According to Verstraeten and Poesen (2001) and Haregeweyn et al. (2006) , the texture of deposited sediment is coarser near the pond inlet area but gradually becomes finer towards the outlet. Particle L1P5  L1P7  L1P9  L1P10  L1P12  L2P3  L2P5  L2P7  L2P9  L2P11  L3P2  L3P5  L3P7  L3P9  L3P11  L4P4  L4P6  L4P8  L4P10  L5P1  L5P3  L5P5  L5P9  L6P1  L6P3  L6P5  L6P7  L6P11 Sand mass % Sampling locaƟons 0.063 mm < grain size < 0.125 mm 0.125 mm < grain size < 0.25 mm 0.25 mm < grain size < 0.5 mm 0.5 mm < grain size < 1 mm grain size > 1 mm L1P3  L1P5  L1P7  L1P9  L1P10  L1P12  L2P3  L2P5  L2P7  L2P9  L2P11  L3P2  L3P5  L3P7  L3P9  L3P11  L4P4  L4P6  L4P8  L4P10  L5P1  L5P3  L5P5  L5P9  L6P1  L6P3  L6P5  L6P7 sedimentation and filtration contribute to the temporal evolution of the suspended fine sediment size distribution in downstream transport (Ren and Packman 2007) . The relatively high inflow velocity plume of the floodwater generates vortices, which reduce in momentum and produce spatial shear stress variations. Khan et al. (2013) indicated that the strength of the vorticity is in proportion with the flow rate for both numerical and physical stormwater retention pond models, even though for the flow rate greater than 1.0 l s −1 , particles are unable to follow the water velocity due to low vorticity. Figure 7 shows the spatial variations in the velocity vector field simulated using an inflow parameter magnitude of 40 m 3 s −1
. The lowest sand mass deposition areas are predominantly located in front of the right baffle wall structures, north-eastern part of the holding pond region. The small amount of sand deposits can be associated to the presence of a relatively low velocity field magnitude in the centre of a recirculation zone located in front of the right baffle wall structures. According to (Camnasio et al. 2013 ), a small volume of sediment deposits in the centre of the recirculation zones is driven by turbulent mixing, causing most of the sediments to settle down before reaching the centre of the eddies. Our study results differ from the experiment of rectangular shallow reservoirs conducted by Dufresne et al. (2012) , in which the transition between symmetrical and asymmetrical flows was responsible for the rapid increase of the trapping efficiency, thus
Meters
Klang river offtake indicating that the region of deposition in the centre of circulation zone contains the largest amount of deposits. The existence of large circulation regions and density currents generates short circuiting that consequently reduces sedimentation in the experiment of settling tanks (Razmi et al. 2009; Tamayol et al. 2010) . Tamayol et al. (2010) also showed that the suitable position of baffles is associated to the importance of buoyancy force. The simulated water velocities generated by all input flow parameter values at the sampling locations are significantly positively correlated with the total sand mass composition (grain size > 0.063 mm) and sand particle grain size ranging between 0.125 and 0.25 mm ( Table 2) velocity vector is significantly correlated to the grain size classes of sand mass ranging between 0.25 and 1 mm, probably due to the amount of coarser-grainsized sand being less than the finer-grain-sized (<0.25 mm) sand particles. The total sand mass composition of the sediment samples shows a strong correlation with all the grain size classes, which indicates that the grain sizes of the deposited sand mass are evenly distributed in a linear proportion at the sampling locations. The flow velocity variation causes sediment grain size sorting where areas that experience high flow velocity contain a relatively higher composition of coarse-grain-sized bed materials compared to areas with low flow velocity.
The sampling locations were spatially clustered into two group areas based on the gravimetrically measured sand mass composition of the surface sediment samples. Group 1 comprises nine sampling locations representing areas of relatively higher sand mass content ranging from 16.9 to 45.5 %. Group 2 comprises 20 sampling locations representing areas of relatively lower sand mass content ranging from 3.7 to 12.2 %.
Discriminant analysis
The discriminant analysis reveals that one canonical discriminant function used in the analysis explained 100 % of the variance; canonical R 2 = 0.46. The Table 2 Pearson correlation matrix between sand mass composition and simulated velocity at 29 locations for three simulated inflow parameter values (n = 29)
Simulated water velocity, ms Fig. 9 Predicted locations of sand mass distribution. The circle and cross symbol represent relatively high-and low-sand mass composition areas, respectively percentages, respectively. The cross-validated classification shows that, overall, 82.8 % is correctly classified. The total surface area of the model domain is approximately 25.20 m 2 and consists of 742 node points. The model predicts 31.4 % of the model domain areas consisting of higher-sand mass composition areas and the remaining 68.6 % comprising lower-sand mass composition areas, as shown in Fig. 9 .
Conclusion
A sand mass distribution model in an urban stormwater holding pond was developed using simulated flow velocity variations generated by three discharge values (r = 0.466). Two Fisher's linear discriminant functions were generated for the prediction of the spatial sand mass composition in an urban stormwater holding pond. , respectively, at selected node points corresponding to the sampling locations of surface sediment. The areas can be predicted as comprising a high sand mass percentage if F 1 > F 2 or as a low sand mass percentage if F 1 < F 2 . The model predicts 31.4 % of the model domain areas consisting of highersand mass composition areas and the remaining 68.6 % comprising lower-sand mass composition areas. The bed material consisting of a relatively high sand mass composition can be segregated and treated differently than areas comprising a relatively low sand mass content, thus reducing the treatment cost of the dredged bed sediment.
